Computer models must be thoroughly evaluated before being used for decision-making. The objective of this paper is to evaluate the ability of a newly developed wheat grazing model to predict fall-winter forage and winter wheat (Triticum aestivum L.) grain yield as well as daily weight gains of steer (Bos taurus) grazing on wheat pasture in Oklahoma. Experimental data of three independent field studies were used. The first was a variety trial in which fall-winter forage and grain yields were harvested. The second was a planting date experiment in which forage in the fall-winter period and grain yields were harvested. The third was a steer grazing experiment in which standing wheat biomass and steer weight gain were monitored. For the variety trials, the model efficiency (ME), which reflects how well model predictions match measured data (1 means a perfect match), was 0.102 for fall-winter forage prediction and 0.367 for grain yield. For the planting date experiment, the ME was 0.615 for predicting fall-winter forage yields and 0.409 for grain yields when a root downward extension rate of 20 mm d -1 was used. In the steer grazing experiment, the relationship between average daily weight gain and forage allowance was adequately represented by the model. For the total steer weight gains in a wide range of stocking rates and grazing durations, the ME was 0.616. Overall results show that the model, if well calibrated, has the potential to predict fall-winter forage and grain yields as well as mean daily weight gain per steer.
INTRODUCTION
Winter wheat is commonly grown in the Southern Great Plains and is often managed as a dual-purpose crop for grain and cattle production. Millions of hectares of winter wheat in the region are grazed between late fall and early spring annually for added revenues. Redmon et al. (1995) reported that the averaged annual net returns to the wheat grain-cattle enterprise in Oklahoma from 1984 to 1993 was about 155 US$ ha -1 , among which cattle production contributed about 41%. Although grazing on winter wheat is economically desirable, management of dual-purpose wheat production is complex because of the multifaceted interactions and tradeoffs between cattle and wheat grain production, which are further complicated by the effect of variable weather in the region (Rodríguez et al., 1990; Hossain et al., 2003) . Several studies showed that light to moderate grazing of winter wheat before first hollow stem had little effect on wheat grain yield, but grazing past first hollow stem reduced grain yield considerably (Winter and Thompson, 1987; Christiansen et al., 1989; Redmon et al., 1996; Fieser et al., 2004) .
Biophysically based wheat grazing models have the potential of optimizing management decisions and developing alternative management options to maximize economic returns to the wheat grain-cattle production enterprise. Wheat grain yield is generally decreased with increased grazing intensity and duration, especially beyond the first hollow stem or the Zadok's stage of 3.0 (Zadoks et al., 1974) . However, beef production per hectare as a product of grazing duration, daily weight gain, and stocking rates is often increased with increased grazing intensity and duration (Phillips and Albers, 1999) . The economic tradeoff relationship provides a unique opportunity of using a corroborated wheat grazing model to optimize management options and decisions on, for example, when to terminate wheat grazing.
A wheat grazing model composed of wheat growth, cattle growth, and wheat-cattle interaction was developed to simulate production of wheat grain and stocker steer grazing on winter wheat from late fall to early spring (Zhang et al., 2008) . The wheat growth is simulated by the wheat module in the Decision Support Systems for Agrotechnology Transfer (DSSAT) model (v4.02) (Jones et al., 2003) , and the cattle growth is based on a metabolizable energy balance. For the wheat-cattle interface, individual leaf areas, as well as leaf, stem, and reserve weights and their corresponding N contents are adjusted for grazing on a daily basis. The model simulates wheat growth and cattle growth interactively and dynamically, and thus is capable of simulating the tradeoffs between beef and grain production and rendering a unique opportunity to optimize wheat grain-beef production systems. However, the model has not been corroborated with field measured data.
Model calibration and evaluation are essential before it can be successfully used for decision-making. The objective of this study was to evaluate the model's ability to predict wheat growth, re-growth as well as grain and beef production using clipping and grazing data collected at Oklahoma State University (OSU) experiment stations.
MATERIALS AND METHODS
The wheat grazing model was evaluated using experimental data from three independent field experiments conducted at three locations in Oklahoma. The data set included the OSU variety trials at Chickasha (35°1'56'' N, 97°54'52'' W) and Marshall (36°7'7'' N, 97°36'5'' W), OK (OSU-CES, 1990 -2005 , the planting date field trials at Lahoma (36°23'4'' N, 98°6'41'' W), OK (Hossain et al., 2003) , and the dual-purpose winter wheat and steer grazing experiments at
Marshall (Kaitibie et al., 2003) .
Experimental Data of Variety Trials
The goal of the variety trials was to facilitate wheat variety selection for fall forage production in Oklahoma under the conditions in which fertility was not yield-limiting (OSU-CES, 1990 -2005 . The TAM 101 and Jagger varieties were selected for this study because we had calibrated the two varieties using three-years of field experiment data collected at El Reno (35°32'54'' N, 98°2'11'' W), OK. Both varieties are semidwarf and early maturing. Detailed crop management information such as planting dates, and forage clipping dates and heights can be found in Table 1 for the Chickasha site in south-central Oklahoma and in Table 2 for the Marshall site in north-central Oklahoma. The TAM 101 variety was planted before 1993 while Jagger was planted after 1994 at both sites. Wheat forage was harvested approximately 50-64 mm above the ground surface using a sickle bar forage harvester before 1996 at both sites (OSU-CES, 1990 -2005 . Following 1997, wheat forage was clipped by hand to the soil surface using meter row samples, and the remainder of the plot area was mowed at approximately 60-mm height after each clipping. The re-growth was measured by subsequently clipping meter row samples to the soil surface at the same location. (Hossain et al., 2004) . Since most fertilization dates were unavailable, 92-and 192-kg N ha -1 were applied at planting each year for grain-only and dual-purpose wheat, respectively (note that 20-kg ha -1 soil residual N was assumed at the beginning of simulation). If measured forage or grain yield was above the target yield, N application rates were scaled up based on the recommendation rates given above, because winter N application rates, for example, were based on harvested fall forage yields. Note that the fertilization rates used in the simulation should be close to the actual application rates because they were calculated based on the recommendation rates as was used in the experiments, but the application time was assumed to be at planting.
Based on the measured data combined with the regional common management practices, a seeding rate of 67 kg ha -1 for grain-only and 134 kg ha -1 for dual-purpose wheat was used in compiling the DSSAT input files. Conventional tillage systems were used throughout the trials but the actual tillage methods and dates were unavailable. A generic tillage system common to Variable 1991 Variable -1992 Variable 1992 Variable -1993 Variable 1993 Variable -1994 Variable 1994 Variable -1995 Variable 1995 Variable -1996 Variable 1996 Variable -1997 Variable 1997 Variable -1998 Variable 1998 Variable -1999 Variable 1999 
Experimental Data of Planting Date Study
For the planting date field trials at Lahoma in north-central Oklahoma, the objective was to determine the response of wheat fall-winter forage and grain yields to planting date (Hossain et al., 2003) . The datasets were useful for evaluating the effect of forage harvesting and planting date on grain yield. The experiment ran from 1991 to 2000, and planting dates varied from late August to mid-November (Table 3) . Each planting date treatment was replicated four times, and the test plots were randomized in a complete block design. In the first three crop years or growing seasons, the Karl variety was seeded on all plots at several seeding rates. Beginning the 1994-1995 crop year, a constant seeding rate of 134 kg ha -1 was used across all plots, and more varieties were included (Table 3) . Although no detailed records on the varieties grown each year could be found, we are sure that the 2180, 2163, and Jagger varieties were included in some years and that all varieties were semidwarf and early maturity.
To simulate grazing, the plots were mechanically clipped about 80 mm above the soil surface using a sickle bar forage harvester (personal communication with Richard Austin 2 ). The first clipping was made in late fall, and the second in late winter before first hollow stem. The total forage yield was the sum of the two clippings. The central 5.3-m strip on each plot was harvested for grain yield with a small plot combine. All plots were sufficiently fertilized to have plant available N of 212 kg ha -1 as recommended for dual-purpose wheat discussed above so that soil fertility was not the yield-limiting factor (Krenzer et al., 2000; Hossain et al., 2003) .
For compiling model input files, certain management operations like tillage operations, fertilization and clipping dates had to be generalized across all years because many of them were unavailable. The 192-kg ha -1 N was incorporated into 0.1-m top soil layer at planting. If measured forage or grain yield was above the target values, N fertilizer rates were scaled up accordingly. The first clipping was assumed on 15 December, and the second on 1 March. The Jagger variety that is representative of a semidwarf and early maturity type was used in all simulations.
Experimental Data of Dual-purpose Wheat and Steer Grazing
The dual-purpose winter wheat and steer grazing experiment was conducted at the Wheat Pasture Research Unit (WPRU) of OSU at Marshall. The experimental data from 1989 to 2000
were used in this study Redmon et al., 1996; Kaitibie et al., 2003) . In a typical year, an offset disk operation was performed in June after wheat harvest, followed by a chisel operation in July, a pass with a field cultivator in August and another in September (Kaitibie et al., 2003) . Detailed management information including planting date, varieties, stocking rates, grazing dates and duration, and stocker steer data is summarized in Table 4 . Only semidwarf and early maturity varieties were included in this study ( was recommended for the dual-purpose wheat as discussed above to avoid nutrient deficiency. Typically, based on soil test N, a predetermined amount of anhydrous ammonia (82-0-0) was injected in August and about 60-kg ha -1 diammonium phosphate (18-46-0) was placed in furrows at planting each year (Kaitibie et al., 2003) .
Steers were vaccinated and fed with bermudagrass hay and a soybean meal-based supplement before placement on wheat pasture. The body weight at the initiation of grazing mostly ranged from 210 to 250 kg per head (Table 4 ). The steers were provided free access to a high calcium commercial mineral mixture, and received no other supplemental feed except for limited amounts of alfalfa hay when snow cover limited access to wheat forage (Kaitibie et al., 2003) . Stocking rates varied from about 1 to 2.9 head ha -1 . Stocking rates remained constant each year for the first five grazing seasons, and were adjusted based on forage availability at placement as well as during grazing so that forage allowance per steer (or grazing pressure) stayed constant throughout the grazing season in each stocking rate treatment.
For model runs, 170-kg ha -1 N was applied on August 20, and 25-kg ha -1 N was banded in furrows at planting each year. Since crop coefficients of the varieties were unavailable, the Jagger variety was used to represent the semidwarf and early maturity group. Variety  P1V  P1D  P5  G1  G2  G3  PHINT  TAM 101  40  70  450  12  30  1.5  90  Jagger  40  63  450  17  25 1.5 90 †P1V: days at optimum vernalizing temperature required to complete vernalization; P1D: percentage reduction in development rate in a photoperiod 10 h shorter than the optimum relative to that at the optimum; P5: grain filling phase duration (°C·d); G1: Kernel number per unit canopy weight at anthesis (#/g); G2: standard kernel size under optimum conditions (mg kernel -1 ); G3: standard, nonstressed dry weight of a single tiller at maturity (g tiller -1 ); PHINT: interval between successive leaf tip appearance (°C·d).
Soil Data
The predominant soil type at the Lahoma station was a Grant silt loam (fine-silty, mixed, 
Daily Weather Data
Daily weather data (maximum and minimum temperature, daily precipitation, and solar radiation) measured at Oklahoma Mesonet sites at the Chickasha, Lahoma, and Marshall stations since 1994 were used to compile the weather input file for the model (http://www.mesonet.org).
Prior to 1994, daily maximum and minimum temperatures and daily precipitation were measured on the Chickasha and Lahoma sites of the National Weather Service Coop stations and were directly used in the weather input files (http://climate.ok.gov). However, only daily precipitation was measured on the Marshall site, and daily maximum and minimum temperatures were taken from the Stillwater station (about 45 km east of Marshall). Daily solar radiation was not measured at any of the three stations prior to 1994, and the daily weather generator of WGEN (Richardson, 1981 ) within the DSSAT model was used to fill the missing data using the statistics derived from the Mesonet daily radiation records of 1994-2006 at each station.
Calibration of Crop Coefficients
Crop genetic coefficients for the TAM 101 and Jagger varieties were calibrated in this study using wheat growth data measured at El Reno in central Oklahoma during [2004] [2005] [2006] . The field measurements included phenological development stages, leaf area index, canopy top biomass, grain yield, individual grain weight, grain number per unit area. Those data were used to calibrate the five crop coefficients for the semidwarf TAM 101 and Jagger varieties for the DSSAT wheat model (Table 5 ). The calibrated coefficients were used in simulation for all three locations, except that P1V=42 and P1D=70 for Jagger were used for the grazing study at Marshall to ensure that first hollow stem appeared after the termination of grazing for all varieties. In the model calibration, we have found that simulated canopy top weights (above ground biomass) differed by as much as 30% among the three different ET methods available in DSSAT. The Priestley-Taylor (1972) method, which does not require wind velocity and relative humidity, was used in all simulations in this work because of the lack of wind velocity and relative humidity measurements before 1994.
Model Performance Measures
Model predictability was evaluated by calculating the mean percentage absolute error (MPAE), mean percentage error (MPE), root mean square error (RMSE), and model efficiency (ME) of Nash and Sutcliffe (1970) Where Yi is the predicted value, Xi is the observed value, X is the observed mean, and n is the number of observations. The MPE and MPAE are the means of relative errors and absolute relative errors between prediction and measurement, respectively. The RMSE represents the mean distance between prediction and measurement. A zero value of MPAE or RMSE indicates the perfect prediction for each observation. The ME can vary from -∞ to 1. If ME equals 1, the model produces the exact prediction for each observation. A value of zero implies that a single mean measured value is as good an overall predictor as the model. A negative value indicates that the measured mean is a better predictor than the model.
RESULTS AND DISCUSSION

Variety Trials
The crop coefficients calibrated for the TAM 101 and Jagger varieties at El Reno were used to simulate forage and grain yields at Chickasha and Marshall. For a cutting height of 50-64 mm, 1000-kg ha -1 canopy top biomass was assumed left standing after cutting, based on an independent field measurement conducted in late November in 2006 at El Reno. This estimate was very crude, because the standing top biomass left after cutting varied with tiller numbers and size, which were determined not only by environmental factors but also by planting and clipping dates. Simulated forage yield for the first clipping was simply the difference between simulated canopy top biomass at the date of clipping and the 1000-kg ha -1 threshold. For simulating forage regrowth (2 nd and 3 rd clippings), wheat pasture was grazed down to approximately 1000-kg ha -1 standing biomass by grazing a predetermined number of stockers for one day at the previous cutting date, and the difference in simulated canopy weights between the two clipping dates was used as the regrowth estimate. The measured forage yields (Tables 1 and 2 ) are plotted with the corresponding simulated values in Fig. 1 . The overall MPAE, MPE, and RMSE were 52.7%, 24.3%, and 815.0 kg ha -1 , respectively. The ME for all measurements in Fig. 1 was 0.102, which was relatively small, indicating that the model's predictive ability in simulating fall-winter forage yields was relatively low for the experiment datasets at the two locations. Specifically at Chickasha, the model predicted forage regrowth much better than the forage yields of the first clippings. In contrast, the fall forages were better predicted than the winter forages at Marshall, except for the fall forage on 15 Dec. 1996 (Fig. 1) . The measured low fall forage yield in 1996 was caused by a severe leaf rust infestation that had destroyed the lower leaves by midNovember at the site due to wet conditions . On the other hand, disease and pest damage was not simulated in the wheat model, and the ample rainfall in the fall made the model overpredict forage production.
Measured forage yield, kg ha A preliminary analysis for conditions in central Oklahoma showed that forage production was sensitive to initial soil moisture and N status as well as to timing of N application if N was limitative. As presented in the method section, a generic set of the initial soil moisture conditions and a rigid scheme of N application were used in the simulation, largely because most of the relevant information was unavailable. If more detailed information was known, model prediction could have been improved. Another potential source of error was the assumption of the 1000-kg ha -1 biomass threshold value. This value definitely changed from year to year for the reasons discussed earlier.
The measured grain yields from both dual-purpose wheat and grain-only wheat of the variety trials (Tables 1 and 2 ) are plotted against the simulated grain yields at Chickasha and Marshall in Fig. 2 . The model predicted wheat grain yields better than it predicted fall-winter forage production.
Measured grain yield, kg ha The overall MPAE, MPE, and RMSE were 35.3%, 1.4%, and 887.3 kg ha -1 , respectively.
The ME for all the data points in Fig. 2 was 0.367. For the dual-purpose wheat at Marshall, the measured grain yield for the 2004-2005 season was much lower than the simulated yield. The low measured yield resulted from the severe damage caused by cattle traffic under extremely wet or even waterlogged conditions due to excessive rainfall in the fall and winter. In general, the measured grain yields from grain-only wheat were higher than those of the dual-purpose wheat (Tables 1 and 2 ). For the years having both treatments, the measured yields for dual-purpose wheat were, on average, 30% and 17% lower than those for the grain-only wheat at Chickasha and Marshall, respectively. Comparatively, the simulated mean grain yield of dual-purpose wheat was about 29% lower than that of grain-only wheat at Chickasha, while it was 7% higher at Marshall. The slightly higher grain yields in the dual-purpose wheat system than in the grainonly system at Marshall might have resulted from differences in fertilization rates and planting dates as well as the uses of a lighter stocking rate and shorter grazing periods in the simulation.
Similar to forage prediction, if better model input data were available, the prediction could possibly be even better.
Planting Date Field Trial
More than a dozen different varieties were planted during the 9-year experiment (Table   3 ). Though we do not have complete information on what varieties were grown in which year, we do know they were semidwarf, early maturity varieties commonly grown in the region. As the first order assessment, the calibrated crop coefficients of the variety Jagger being representative of the group were used in simulation. To better reflect data variability or uncertainty, all data points including all varieties and replicates along with simulated values are plotted in Fig. 3 for wheat forage production. One-day simulated grazing was used to mimic the clipping. Standing wheat biomass left in the field after each grazing was assumed to be approximately 1500 kg ha -1 , based on the target clipping height of about 80 mm. Wheat was grazed on 15 December for harvesting fall forage and for subsequent estimation of winter regrowth, and on 10 February for estimating grain yield. The model consistently over predicted fall-winter forage yields with the default root downward extension rate of 30 mm d -1 (Fig. 3) .
Most simulated values for most years and most planting dates were above the upper bound of all varieties. Since sufficient N fertilizer was applied at planting and low temperature stress was unlikely due to early planting, the overestimation of forage yield might have been caused by lesser water stress. To test this speculation, a root downward extension rate of 20 mm d -1 was used to elevate water stress in fall and winter. The simulated forage yields were greatly decreased as expected, and were within the measured ranges for most years and planting dates (Fig. 3) . The mean percentage absolute error (MPAE), mean percentage error (MPE), and root mean square error (RMSE) were 221%, 205%, and 1647 kg ha -1 , respectively, at the 30-mm d -1 rooting rate; while they were correspondingly 92%, 72%, and 720 kg ha -1 at the 20-mm d -1 rooting rate.
Simulated grain yields under both root downward extension rates are shown in Fig. 4 . The simulated grain yields, especially at early planting dates, were lower than the lower bound of measured grain yields for five out of nine years at the 30-mm d -1 rooting rate. However, the simulated grain yields were considerably increased at the 20-mm d -1 rooting rate and were within the measured ranges for most planting dates. The increase in grain yields at 20 mm d -1 was the results of the reduced water use at the early vegetative growth stages and increased water availability at the reproductive stages. The MPAE, MPE, and RMSE for grain yields were 43%, -5.3%, 1246 kg ha -1 , respectively, at the 30-mm d -1 rooting rate; while they were 39%, 12.5%, There were large variabilities in the measured wheat forage and grain yields among the varieties (Figs. 3 and 4) . The differences among sample replicates were quite large too. For example, for the 1991-1992 crop year in which Karl was the only variety grown, considerable differences in the forage and grain yields between the four replicates were exhibited, especially for the early planting dates. Considering that the inherent variability existed in the measured data and that the model was only calibrated to one variety, the predicted results were satisfactory in that the effect of planting date and climate variation on forage and grain yields was reasonably represented by 
Dual-purpose Wheat and Steer Grazing Trials
The crop coefficients of the Jagger variety in Table 5 were used to simulate all varieties.
An adjusted value of 42 for P1V and 70 for P1D were used to delay the early phenological development stages so that the simulated dates of first hollow stem appearance were later than the grazing termination dates of Table 4 for most varieties to satisfy the fact that the grazing was terminated before first hollow stem. To better evaluate the cattle growth algorithm (in particular, the response of cattle weight gain to forage availability), the simulated mean standing wheat biomasses during the grazing periods were matched to the observed means at the lightest stocking rate for each variety in each year (Table 4) forage allowances were about 103, 266, and 339 kg DM per100-kg BW. There were no satisfactory explanations for such great daily weight gains at such low forage allowances. One possible cause could be the sampling error in measuring forage biomass due to large spatial and temporal variations. Sampling three to four times at a few locations during the grazing periods was prone to estimation error. Total weight gain during a grazing season is a function of grazing duration and average daily weight gain that is further related to forage allowance (Fig. 6A ).
Relationship between total weight gain and forage allowance is presented in Fig. 6B . The scattering of the simulated data points matched that of the measured data points relatively well,
showing reasonable agreement and correspondence between measured and simulated data.
Measured total weight gains per steer were well simulated by the model for the wide ranges of grazing days and stocking rates (Fig. 7) . The grazing days ranged from 85 to 134, and the stocking rates varied from 0.84 to 2.87 head ha -1 in the entire experiments. The overall MPAE, MPE, and RMSE for all data points were 18.1%, 5.6%, and 20.2 kg steer -1 , respectively.
The ME was about 0.616 for all data points, and 0.686 without the 2.05-head ha -1 stocking rate for the variety 2163 in 1992-1993, where the measured weight gain was 25.4 kg while the simulated value was 111.6 kg. The overprediction for the weight gain resulted directly from the The model consistently overpredicted the grain yields of the grazed winter wheat. The overall measured mean was 1851 kg ha -1 , while the predicted mean was about 2849 kg ha -1 . Due to the gross overprediction, the ME was negative, indicating that the measured mean was a better predictor than the model. Though grain yield prediction could be improved by better calibration to each individual variety and by using more soil-specific data, the results might indicate a possibility that the model has a tendency to overpredict grain yields under grazing conditions. A probable cause might be that the physical damage caused by cattle trafficking and trampling is not considered in the model. More research is needed before this process can be appropriately quantified and incorporated into the model.
SUMMARY AND CONCLUSIONS
One-day heavy grazing was used to mimic forage clipping to estimate forage growth and regrowth following clipping in the variety trials. The model simulated forage regrowth better than forage yields of first clippings at Chickasha; however, the model predicted fall forage better than winter forage at Marshall except for one measurement. The overall ME for all data points was 0.102, which was relatively low but could possibly be improved if better model input data were available. The model predicted wheat grain yields better than it predicted fall-winter forage production. The overall ME including both dual-purpose and grain-only wheat was 0.367, indicating the model's ability to simulate the effect of wheat grazing or clipping on grain yields.
For the planting date trial, the model consistently overpredicted fall-winter forage production and underpredicted grain yields when the default root downward extension rate of 30 mm d -1 was used. However, when a rooting rate of 20 mm d -1 was used, both forage and grain yield predictions were improved (i.e., forage decreased while grain increased), with ME increased from negative to 0.615 for the former and from negative to 0.409 for the latter. The reasons for decreasing forage production and increasing grain yield were that the slower rooting rate exerted more water stress in the early vegetative growth stages and consequently conserved more soil moisture for use in the reproductive stages. Given large variation existed in the measured data between varieties, a better calibration to individual varieties would improve the model's performance.
The relationship between average daily weight gain and forage allowance was adequately represented by the model under a wide range of stocking rates and climate conditions.
A threshold forage allowance of 400 kg DM per 100-kg BW was identified in both measured and simulated data. Average daily weight gain increased rapidly with forage allowance below 400, and remained somewhat constant above 400 with the measured and simulated means being 1.10 and 1.12 kg d -1 , respectively. The total weight gains per steer during entire grazing periods were well simulated (ME=0.616). The measured total weight gains ranged from 25 to 156 kg per steer, and simulated gains ranged between 32 and 150 kg.
Overall results show that the model has the potential to predict fall-winter forage production and grain yields of both dual-purpose and grain-only winter wheat. The model simulated daily steer weight gain satisfactorily well if forage availability was adequately simulated. Model's ability to predict forage and grain yields can be improved if it is well calibrated and better input data are provided.
